In this work, a growth analysis is made on the banded microstructure formation during directional solidification of peritectic alloys. The convection model, which has been proposed to explain the discrete banded microstructure formation, is extended in the part of the nucleation condition. Applying the nucleation and constitutional undercooling criterion, a new calculation was developed. Concentration profile calculated by the model was compared with experimentally obtained banded microstructure in Fe-Co and also with those of the convection and the diffusion models. Consistent agreement with experiments is shown. In comparison with the other models, interesting difference in predictions of concentration profile is obtained between them.
Introduction
Peritectic microstructure formation is a topic of recent solidification research. Despite many technically important materials are produced via peritectic solidification, its solidification behavior has not been well elucidated. Steels, aluminium alloys, copper alloys, nickel-based superalloys, permanent magnets, high and low T c superconductors, and other materials are peritectics, where the phase and microstructure selection plays an important role for their material properties. A banded microstructure is a characteristic of peritectic alloys, which is composed of alternate layers of primary and secondary phases perpendicular to the growth direction. This microstructure has been observed in low velocity solidification experiments in Cd-Sn, [1] [2] [3] Sn-Sb, 4) ZnCu, 4) Ag-Zn, 5) Pb-Bi, 3, [6] [7] [8] Fe-Ni 9, 10) and Fe-Co 10) alloys. The microstructures take different forms, such as discrete bands, island bands, and oscillated tree-like morphology, which often coexist in one microstructure. The microstructure formation has been explained by an analytical model, 11) in which it is assumed that diffusive transient growth of the alternating phases is regulated by nucleation. A banding cycle is proposed to explain the formation of discrete phases. This model has also been extended to the case in which liquid partially mixed by convection with a stagnant liquid film, and non-steady state diffusion behavior were assumed. 6) In this paper, banded microstructure formation mechanism is discussed. The convection model is extended in the part of the nucleation condition. The nucleation and constitutional undercooling criterion 10, 12, 13) is adopted for creation of a new solid in front of a growing interface. A new calculation is developed, and its results are compared with those of the experiments in Fe-Co alloy as well as the convection and diffusion models.
Directional Growth Analysis

Convection model
A convection model 6) was developed to describe discrete layered growth. Peritectic phase diagram is schematically shown in Fig. 1 , where T P is the peritectic temperature, C , C , and C P are the equilibrium composition of , , and liquid at T P , T m and T m are the melting points of and phases, respectively. Constant liquidus slopes for and are denoted as m and m , and solidus slopes are m z
. The other is set at the end of the boundary layer as Cðz 0 þ d; tÞ ¼ C m . denotes phase or . The velocity of the S/L interface is not identical to v P and denoted by v 0 . k is the partition coefficient, d is the film thickness, and C m is the bulk liquid composition. The interface liquid compositions are
Here, G is the linear temperature gradient, which is supposed to be large enough to achieve planar growth. The origin, z ¼ 0, is taken to correspond to the T m isotherm, and the temperature field is given as TðzÞ ¼ T m þ Gz. Assuming that the concentration field inside the boundary layer takes an exponential form, the solute distribution is obtained,
Þ=ð1 À expðÀd=l 0 ÞÞ are determined from the boundary conditions. l 0 is introduced into this equation and defined as an independent dynamic variable. Outside the layer, the solute concentration profile is assumed to be flat.
After integration of the diffusion equation and some mathematical transformations, a differential equation is obtained,
From the mass conservation condition at the S/L interface and in the global length,
The interface position,
is the distance from the initial end of the sample. L s is the sample length. Equations (2)- (4) can be solved numerically with an appropriate initial condition.
The nucleation conditions are finally specified for the beginning of the growth of alternate phases.
are set for nucleation during growth and nucleation during growth, respectively. ÁT N and ÁT N , which can be found in Fig. 1 , are defined as the nucleation undercooling for and , respectively. During growth, 1) in Fig. 1 , at the time when the interface temperature, Tðz 0 Þ, drops below T I , nucleates and starts to grow, 2). On the other hand, during growth, 3), when Tðz 0 Þ rises above T I , nucleates and starts to grow, 4). This repeats to form the banding cycle and the pre-assumed ÁT N and ÁT N determine the scale of the phases and the phase change temperature.
Extension of nucleation condition
In the model, nucleation occurs when the constitutional undercooling at the S/L interface against an alternate liquidus exceeds this undercooling. Heterogeneous nucleation is supposed to take place at the S/L interface. However, here a concept by the nucleation and constitutional undercooling is adopted to describe the phase transition during solidification. The transition is supposed to occur if and only if nucleation can occur ahead of the growing phase by constitutional undercooling, assuming that the volume ahead of the growing interface is rapidly filled with the nucleating phase with a high nucleation density and growth rate. 10, 12, 13) The maximum constitutional undercooling should be taken for the nucleation instead of that at the S/L interface in this context.
The composition distribution in the liquid during growth is schematically shown in Fig. 2(a) . It decreases exponentially from C L to C m with distance in the liquid film and is constant at C m outside it. The corresponding temperature distribution is shown in Fig. 2(b) . It shows the and liquidus temperature and the actual linear temperature distributions. Here, the liquidus temperature can easily be obtained from eq. (1) and the phase diagram relationship. That for is given as,
The constitutional undercooling is the difference between this temperature and the actual temperature, which is illustrated by the hatched region. Its maximum, located inside the liquid film, is found where On the other side, during growth, the maximum constitutional undercooling against liquidus is always located at the S/L interface. This is because the liquidus temperature gradient for , @T L =@z, is maximum at the interface, and smaller than both G and that for in the liquid film.
12)
Experimental
Directional solidification experiments were carried out on Fe-18.0 at%Co alloy, and banded microstructure was observed at a selected growth condition. A vertical Bridgman solidification technique with liquid metal cooling was used. An alumina crucible with 6 mm inner diameter containing cast alloys moved downward through the heated zone at v P ¼ 2:0 Ã 10 À5 m/s under G ¼ 18000 K/m. This condition is within the constitutional undercooling limit for planar . Details of experimental procedure are described elsewhere. 9 ,10) Figure 3 shows microphotograph of longitudinal section of the sample. Tree-like with surrounding is observed at the beginning of solidification, which changes to island = bands. The microstructure gradually evolves to the = coupled growth. The phase remains at the sides throughout this evolution. The composition profile along the white arrow in Fig. 3 was determined by an electron probe microanalyzer with the line analyses. The results are shown in Fig. 4(a) . The single region corresponds to the composition plateau on the left side of the figure. The and layers are distinguished from composition depressions and protrusions, respectively. Banding begins at z ¼ 0:0218 m in Fig. 4(a) , which is measured from the beginning of solidification. During banding, the grows while increasing its composition. An abrupt increase of the composition corresponds to the phase change to . The grows with its composition decrease, and an abrupt decrease of composition corresponds to the phase change to . This process represents the banding cycle and repeats to form the banded microstructure. The measured composition at the starting point of growth is 18.19-18.35 at%Co in this figure. This value corresponds to C N in Fig. 1 , then the interface undercooling from T p can be estimated as 0.05-0.14 K. On the other side, the composition at the starting point of growth, C N , is 17.66-17.90 at%Co. The interface superheating above T p is estimated to be up to 0.08 K. These estimations show that banding occurs with cycling of the interface temperature varying above and below T p .
Band layer thickness determined from Fig. 4(a) are plotted against band numbers in Fig. 4(b) . This figure shows that in measured values the layer thickness, S , decreases from 4:6 Ã 10 À4 to 2:8 Ã 10 À4 m almost monotonously. Whereas δ γ the layer thickness, S , does not clearly show monotonous trend. Solidification under convection occasionally shows this type of unexpected behavior due to its irregular characteristics in transport phenomena. However it increases from 1:8 Ã 10 À4 to 2:2 Ã 10 À4 m at their ends, showing that S tends to increase during banding.
Discussion
Comparison with experiments
Composition profile calculated by the present model is also shown in Fig. 4(a) . The material properties used for these calculations are summarized in Table 1 . 10, 14) The same magnitude of film thickness with that experimentally determined in the Fe-Ni alloy 9, 10) was assumed for Fe-Co. Disregarding the scatter of measurements in thickness and phase change compositions, they fit and represent the starting point, layer thickness, and number of layers. The calculated composition at the starting point of growth is 18.50 at%Co, and, from this value, the interface undercooling from T p is estimated as 0.22 K. On the other side, the composition at the starting point of growth is 17.68 at%Co, then the interface superheating above T p is estimated to be 0.04 K. These values were regulated by the nucleation undercoolings and can be compared well with the experimental values in the former section. The calculated band layer thickness is given by open symbols in Fig. 4(b) . They show monotonous decrement of S and increment of S , and they might well represent the measured S and S at least in trend. Figure 5 (a) shows a solid composition profile by the present, convection and diffusion models drawn for the beginning of the band formation in the Fe-Co alloy. The one by the present model in Fig. 5 (a) coincides with that in Fig. 4 . Wide range of composition profiles including this region predicted by the present, convection 6) and diffusion 11) models are shown in Figs. 5(b) , (c) and (d), respectively. The calculation condition is identical to that in Table 1 , but G ¼ 9000 K/m is introduced to clearly display the difference between the present and the convection models. Under a large G condition, ÁT S max tends to locate at the S/L interface, and thus almost no difference in composition profile appeared between these two models at G ¼ 18000 K/ m. The calculation for the diffusion model is simply made by introducing a very large boundary layer thickness and constant C m into a convection model. Because this model contains a steady-state limit for transient growth, a slightly small value of 0.134 K was chosen as ÁT N calc for this model. As seen in this figure, convection delays the start of the band structure. A diffusion model takes a larger layer thickness and band spacing. From the assumption of finite sample length, the banded structure is transient in the present and the convection models. Compared with the convection model, the present model yields more layers with less thickness and a large solute concentration at the start of the growth, while layers have the same thickness. These results plausibly reflect the greater probability of nucleation in the present model.
Comparison with other models
Summary
The band structure formation mechanism in peritectic solidification is discussed. Applying the nucleation and constitutional undercooling criterion, convection model was extended with respect to the nucleation condition. Calculation based on the model could represent well the measured composition profile in starting point of banding, layer thickness, and number of layers. Comparison was made with the convection and diffusion models. A diffusion model takes a larger layer thickness and band spacing. Compared with the convection model, more band layers with less thickness and larger solute concentration at the start of the growth were predicted by the present model.
